The cortical collecting tubule (CC1) is an important nephron segment for Na', K+, water and acid-base transport. Differential loading characteristics of the pH sensitive dye 2',7'-bis42-carboxyethyl)-5(and-6)carboxyfluorescein (BCECF) 
Introduction
The collecting tubule of the mammalian nephron is the segment of final modulation of urinary excretion of Na+, K+, water, and acid-base equivalents. In the cortical collecting tubule (CCT)' regulation ofthe excretion or reabsorption ofeach of these occurs. Corresponding with the diversity of functions, the CCT is a heterogenous tissue composed of multiple cell types: principal cells and at least two types of intercalated cells (1, 2) .
Principal cells are the most numerous cell type and appear to function primarily to reabsorb Na+, secrete K+, and modulate arginine-vasopressin induced water reabsorption (3, 4) .
Principal cell pHi regulation may be important in the regulation of salt and water transport by this cell. Intracellular acidosis appears to decrease Na+ transport in the CCT and analogous epithelia (5) (6) (7) (8) (9) . In addition, pHi may alter the hydroosmotic response to antidiuretic hormone (ADH) and cAMP (10) (11) (12) . Conversely, ADH appears to activate numerous acid-base transporters in both renal ( 13, 14) and nonrenal tissues (15, 16) . ADH may also have effects on urinary acidification (17) .
Intercalated cells are interspersed between principal cells, make up 35-40% of the total cells of the CCT (1, 2) , and both secrete (18) and reabsorb HCO- (19) . At least two subtypes of intercalated cells are present. The a-intercalated cell secretes H+ and reabsorbs luminal HCO . An electrogenic, HI translocating ATPase is present at the luminal membrane (20) .
HCO-exits the cell via a basolateral Cl-/HCOj exchanger.
The Cl-/HCO-exchanger is sensitive to the disulfonic stilbenes (21) and is immunologically similar to the Cl-/HCO3 exchanger of the mammalian red blood cell, band 3 protein (22, 23) .
The second type of intercalated cell is the (i-intercalated cell. The (i-intercalated cell is postulated to be responsible for HCO-secretion by the CCT. This transport is modeled to occur via a luminal Cl-/HCO-exchanger and a basolateral H+-ATPase. This cellular model has been derived in large part by indirect inferences from transepithelial flux measurements. The basolateral location of H+-ATPase has been confirmed by immunocytochemical studies (20) . However, direct confirmation of the luminal Cl-/HCO-exchanger has been difficult. Antibodies to band 3 protein do not stain the apical membrane (22, 23) and luminal disulfonic stilbenes do not inhibit bicarbonate secretion (21, 24). As a result, direct confirmation of the luminal C1-/HCO-exchanger in the (i-intercalated cell has been lacking.
The purpose of the present studies was to characterize the distribution of the major mechanisms of pHi regulation in two of the cell types (principal cell and (-intercalated cell) present in the rabbit CCT. Evaluation of the mechanisms of pH; regulation in the CCT has been difficult due to the cellular heterogeneity of this segment of the nephron. We have recently described a technique whereby principal cell and intercalated cell pHi can be separately measured in the in vitro, microperfused rabbit CCT using the fluorescent, pH sensitive dye 2',7'-bis-(2-carboxyethyl)-5(and-6)carboxyfluorescein (BCECF) (25) .
Therefore, the specific purpose of these studies was to characterize the distribution ofNa+/H+ and Cl-/HCO-exchangers in the rabbit CCT.
Methods
Microperfusion. In vitro microperfusion of cortical collecting tubules was performed using standard techniques (26). Dissection of individ- 4 (for CO2/HCO-free experiments).
Loading with BCECF was performed as previously described (25) . In brief, luminal BCECF-AM is selectively concentrated by intercalated cells, while peritubular BCECF-AM is homogeneously taken up by both principal and intercalated cells (25) To confirm this Na+ dependent pHi recovery as Na+/H+ exchange, the inhibitory effect of 1 mM amiloride on pHi recovery after an acid load was investigated. A typical experiment is shown in Fig. 1 . In the presence of peritubular amiloride, the pHi recovery after 5 min was 0.13±0.05 pH U, while in the absence of amiloride pHj recovery in the same cells was 0.67±0.08 (n = 7, P < 0.005 by paired t test). These results suggest that a, basolateral, amiloride inhibitable, Na+-dependent mechanism, i.e., Na+/H+ exchange, is a major mechanism for principal cell recovery from an acid load.
To determine if Na+/H+ exchange is active at baseline pHi, the effect of Na+ removal on principal cell pHi was investigated. Removal However, removal of amiloride results in a marked increase in rate of pHi recovery and a rapid return of pHj to baseline. Not well demonstrated in this experiment is a slow acidification during removal of peritubular Na' before the ammonium chloride pulse. In general, Na' free and amiloride containing protocols were not performed on the same principal cell (as performed in this experiment).
CO2/HCO-containing luminal solutions (changing the perfusate from solution 1 to solution 3) for 5-10 min resulted in no significant change in principal cell pHi (difference -0.02+0.03, P = NS, n = 4). Similarly, return of Cl-to the luminal fluid (change back to solution 1) resulted in no significant change in pH, (difference -0.01±0.04, P = NS, n = 4). Evidence for a basolateral Cl-linked pHi regulatory mechanism was then studied. A 5-min removal and then return of Cl-to the peritubular solution (change from solution 1 to solution 3 and then return to solution 1) resulted in no significant changes in principal cell pHi (differences -0.02±0.03 and -0.06+0.03, for removal and return ofperitubular Cl-, respectively, n = 5, P = NS for both). However, since intracellular Cl-concentrations in principal cells are quite low, -7-14 mmol/kg dry wt in the rat (29, 30) and principal cells possess a basolateral Cl-channel (31), removal of peritubular Cl-may result in gradients for Cl-/HCO-exchange that are relatively small, possibly explaining the relative absence of pHi changes after 5 min of peritubular Cl-removal. A prolonged removal of peritubular Cl-might result in intracellular Cl-depletion and an increased gradient for Cl-entry during return ofCV-to the peritubular solution. A 30-min incubation in a Cl-free peritubular solution (solution 3) resulted in a slow increase in pHi from 7.35±0.08 to a maximum of 7.55±0.10 (P < 0.005, n = 5). After return of peritubular Cl-(change back to solution 1) pHi fell rapidly. 5 min after the change pHi had fallen by 0.30±0.04 pH U (P < 0.005 by paired t test, n = 5). These results are consistent with the exchange of intracellular HCO3 for extracellular Cl-, i.e., basolateral Cl-/HCO-exchange activity, during the return of basolateral Cl-to Cl-depleted principal cells.
Intercalated cell-baseline pHi and CO2/HCOi. (3- Basolateral Cl-removal resulted in two distinct patterns ofpHi response in intercalated cells. Occasional cells underwent a rapid alkalinization from pH, 7.17±0.07 to 7.64±0.05 (n = 5, P < 0.001) after basolateral Cl-removal. This was completely reversible with return of Cl-to the peritubular solution, consistent with the presence ofa basolateral C1-/HCOj exchanger.
A representative experiment is shown in Fig. 2 . These cells were infrequently encountered and further data will not be presented.
The majority of intercalated cells underwent a rapid intracellular acidification after basolateral Cl-removal, functionally identifying it as the (3-intercalated cell. The response of intercalated cells to basolateral Cl-removal allows for a functional differentiation of the two types of intercalated cells. In all experiments on /3-intercalated cells, sub-type was confirmed by intracellular acidosis in response to basolateral Cl-removal.
In (3-intercalated cells with basolateral Cl-removal, the average decrease in pH1 was -0.70±0.04 pH U in 3.9±0.04 min (n = 28, P < 0.001). Return of basolateral Cl-resulted in the return of pHi to baseline. This has been reported by others and hypothesized to result from acceleration of apical Cl1-HCO-exchange (32) . To examine this hypothesis the effects of luminal Cl-and HCO-on pHi was examined. Nominal removal of HCO5 from the luminal solution (change to solution 6) resulted in a decrease of0.41±0.05 pH U (P < 0.005, n = 8). Luminal Cl-removal (change to solution 3) caused pHi to increase 0.45±0.07 pH U (n = 7, P < 0.005). Furthermore, the removal of luminal C1-blocked the effect of basolateral Clremoval on intracellular pH (see Fig. 3 ). Removal of basolateral Cl-(by changing to solution 3) in the absence of luminal Cl-resulted in no significant change in pHi (-0.1 1±0.07, n = 6, P = NS). The subsequent return of luminal Cl-in the absence ofbasolateral Cl-resulted in a marked acidification (A pH, = -0.73±0.18, n = 6, P < 0.01). This pH, is not significantly different than the pH, present after basolateral Cl-removal (P > 0.3, unpaired t test), consistent with changes in pH, via identical mechanisms.
One likely explanation for the decrease in pH, with luminal HCO5 removal is the exchange of intracellular HCO-for luminal Cl-via an apical Cl-/HCO-exchanger. Therefore the effect of luminal Cl-on /3-intercalated cell response to a de- Fig. 4 . In a Na+ free peritubular solution (solution 2) pHi recovered 0.08±0.04 pH U (n = I 1) after 5 min. When Na+ was returned to the peritubular solution pHi recovery was markedly increased to 0.38±0.07 pH U (n = 1 1, P < 0.001 by paired t test). The inhibitory effect ofbasolateral amiloride on pHi recovery of /3-intercalated cells was then investigated. A concentration of 1 mM amiloride was used (in solution 1) in order to achieve a high degree of inhibition of the Na+/H+ exchange (36) . Results are summarized in Fig. 5 . After intracellular acid loading, the pHi recovery at 5 min in the presence ofamiloride was 0.05±0.04, while in the absence of amiloride the recovery was 0.37±0.05 pH U (n = 5, P < 0.025). ,8-intercalated cell recovery from an acid load is via a basolateral Na+ dependent, amiloride inhibitable mechanism, i.e., Na+/H+ exchange. Mechanism ofpHi recovery in 1-intercalated cells after basolateral Cl-removal. Basolateral Cl-removal from 13-intercalated cells results in a marked acidification as described above. These intercalated cells possess multiple acid-base transporters (basolateral Na+/H' exchange, luminal Cl-I HCO5 exchange, and basolateral H+-ATPase; see introduction) which may participate in regulation of pHi. Yet in the continued absence of basolateral Cl-for up to 10 min, no significant recovery of pHi occurred (data not shown), despite the presence of basolateral Na'. To examine the activity of basolateral Na+/H' during the absence of basolateral Cl-(and therefore a, low pHi), the effect of amiloride was studied. Peritubular amiloride (1 mM dissolved in solution 3) resulted in a further decrease in pHi of 0.40±0.13 pH U (n = 7, P < 0.025) after 5 min. This decrease was reversible with the removal of amiloride, suggesting that 13-intercalated cell basolateral Na+/H+ exchange is active during the absence of basolateral Cl-.
Discussion
These studies address the mechanisms of pHi regulation in the rabbit CCT. The three major cell types (principal cell, a-intercalated cell, and 13-intercalated cell) of this segment of the nephron were studied separately utilizing differences in BCECF loading characteristics (25) and response to peritubular Cl-removal (32) . The markedly different responses of the different cell types to peritubular Cl-removal serve to substantiate our method of studying these cell types separately. were studied in particular because of the apparent ubiquity of these transporters in mammalian cells. The first major result of these studies is the demonstration that Na+/H' exchange is present at the basolateral membrane of both principal cells and 13-intercalated cells. Principal cell pH, recovery after an acid load was Na'-dependent and amiloride inhibitable. The use of nominally CO2/HCO-free solutions minimizes the likelihood that Na'-dependent HCO3 transport was responsible for the observed pHi changes. The most likely mechanism for an amiloride-sensitive, Na'-dependent recovery from an acid load is a Na+/H' exchanger.
Although not specifically tested, this exchanger is apparently present only on the basolateral membrane since little, if any, pHi recovery occurred with no peritubular Na', even in the presence of luminal Na'. A basolateral membrane Na+/H' exchanger was also identified in the 13-intercalated cell. In the absence of basolateral Na', almost no recovery of pHi occurred from ammonium chloride pulse-induced intracellular acidosis. Amiloride resulted in a similar inhibition of pHi recovery after an acid load.
Since the studies on 13-intercalated cells were performed in CO2/HCO-containing solutions, it is possible that the recovery was via HCO-transporters. Multiple Na+-linked HCOtransporters, such as Na(HCO5 )-2 = (37, 38) and Na+-dependent Cl-/HCO-exchange (39) , are known to exist. However, amiloride has not been shown to inhibit any of these (36) . These results therefore provide the first evidence that basolateral Na+/H+ exchange is present in the 1-intercalated cell.
Na+/H+ exchange is a major mechanism of pHi regulation after acid loads in almost every cell in which it has been studied (40) . It also may be involved in growth factor signal transduction (41), cell volume regulation (42) , and transepithelial Na+ transport (as in the proximal tubule, for example [43] ). Boron et al. (44) has identified a Na+/H+ exchanger on the basolateral membrane of the rabbit CCT. Although intercalated and principal cells could not be differentiated by their techniques, they concluded that Na+/H+ exchange was present at the basolateral membrane of principal cells of the rabbit CCT because of the predominance of principal cells and because Na+/H+ exchanger activity was seen in all experiments. In addition, they too found no evidence for luminal Na+/H+ exchange activity in the CCT. The results of the present study extend their findings by demonstrating the presence of a basolateral Na+/H+ exchanger in both principal cells and 13-intercalated cells. Breyer et al. (45) and Hays et al. (46) have demonstrated basolateral Na+/H+ exchange in the inner stripe of the outer medullary collecting duct, which appears to be functionally equivalent to the a-intercalated cell in the CCT. Na+/H+ exchange has also been shown in papillary collecting tubule cells (47, 48) . Therefore, all cells ofthe collecting tubule probably have basolateral Na+/H+ exchange.
The finding that the major mechanism of pH, recovery in 13-intercalated cells was Na+/H+ exchange was initially quite surprising. These cells presumably have basolateral H+-ATPase (20) , and intracellular acidification may stimulate the insertion of additional H+-ATPase from endosomes (49, 50 Thus, both of these adjacent cell types have a basolateral Na+/H+ exchanger. Cl-/HC02 exchange activity is found in all three cell types of the CCT, but the polarity of distribution and basal activity differs, suggesting different functions for the Cl-/HCO5 exchangers in these neighboring cells.
